Introduction
============

Clinical success of the proteasome inhibitor (PI) bortezomib (BTZ) (Velcade) established the ubiquitin (Ub)+proteasome system as a key therapeutic target in multiple myeloma (MM).^[@bib1],\ [@bib2],\ [@bib3]^ While the survival benefit of BTZ has generated new treatment strategies and brought excitement to the community, significant challenges remain. Many patients do not respond to proteasome inhibitor therapy and drug resistance nearly uniformly develops, even in those that initially respond to treatment.^[@bib4],\ [@bib5]^ Moreover, individual patient response to BTZ remains highly variable and the molecular features responsible for the variability in response remain undefined.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9]^

Specificity within the Ub+proteasome system relies upon the selectivity of E3 Ub ligases that maintain proteostasis by targeting individual proteins for proteasomal degradation.^[@bib10],\ [@bib11]^ BTZ blocks the bulk of Ub-dependent protein degradation while drugs that target an individual E3 Ub ligase are expected to destabilize a single protein to confer refined selectivity with reduced adverse toxicities.^[@bib12],\ [@bib13]^ The S-phase kinase associated protein-1 (Skp1) and Cullin-1 bind a multitude of substrate-binding F-box proteins to form multimeric SCF complexes.^[@bib14],\ [@bib15],\ [@bib16]^ Cell cycle progression is regulated by SCF^Skp2^, composed of Skp1, Cullin-1 and Skp2, that mediates ubiquitination of the cyclin-dependent kinase (CDK) inhibitor (CKI) p27.^[@bib17],\ [@bib18]^ Progression from G~1~ to S phase is positively regulated by CDK2 and CDK4, and negatively regulated by p27. SCF^Skp2^-mediated ubiquitination marks p27 for degradation that permits the CDK-dependent transition from a quiescent to proliferative state. Skp2 binds p27 to facilitate its ubiquitination, and *SKP2* expression contributes to increased p27 turnover and enhanced proliferation.^[@bib19],\ [@bib20],\ [@bib21]^ Cullin-1 scaffolds Skp1 and Skp2 and contributes to proliferation by promoting CKI degradation.^[@bib22],\ [@bib23]^ *CUL1* overexpression also promotes proliferation through p27 degradation and high *CUL1* expression has been correlated with reduced survival.^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ SCF activity is regulated by accessory proteins, for example, Commd1, that promotes SCF ubiquitination activity.^[@bib28],\ [@bib29]^ *COMMD1* overexpression is associated with poor outcomes in lymphomas.^[@bib30]^ p27 ubiquitination also requires the CDK regulator Cks1 and the Cullin-1-binding protein Rbx1.^[@bib31]^

Here publically available databases were used to correlate gene expression in MM patient tumor cells with clinical responses to BTZ. A similar approach recently revealed that nicotinamide phosphoribosyltransferase (*Nampt*) mRNA expression was higher in BTZ-resistant patient cells and that *Nampt* represented a viable therapeutic target to overcome BTZ resistance.^[@bib32]^ We reveal significantly higher *COMMD1* and *CUL1* mRNA in patients that did not respond to BTZ. The findings prompted us to investigate the effect of genetic and pharmacologic disruption of the SCF^Skp2^ complex on BTZ resistance. Using *in vitro* and *in vivo* models, we demonstrate that combining a novel SCF^Skp2^ inhibitor (DT204) with BTZ triggered synergistic anti-myeloma activity and overcame drug resistance.

Materials and methods
=====================

Gene expression profile analysis
--------------------------------

Cluster version 2.0 was used to analyze data sets GSE9782, GSE2658 and GSE5900.^[@bib33],\ [@bib34],\ [@bib35]^ Gene expression profiles from tumor cells of patients included in the SUMMIT^[@bib36]^ (025), CREST^[@bib37]^ phase 2, APEX^[@bib38]^ phase 3 trial (039) and HOVON-65/GMMG-HD4 trials^[@bib35]^ were analyzed. A two-step filter was used to identify genes differentially regulated in responders vs non-responders. A true statistical test was applied using *t*-test or analysis of variance to determine if between-condition variability was greater than within-condition variability. Genes identified above with a nominal *P*-value \<0.05 were further refined by applying a fold-change requirement to identify genes with a significant differential. Fold-change was defined as the difference in median expression.

Cell lines and reagents
-----------------------

MM cell lines RPMI8226 and MM1.S (National Cancer Institute, Bethesda, MD, USA) and U266 cells (American Tissue Culture Collection, Manassas, VA, USA) were cultured as described.^[@bib39],\ [@bib40]^ PI-resistant cells were generated as described.^[@bib40],\ [@bib41],\ [@bib42]^ Hemagglutinin (HA)-tagged Cullin-1 was from Addgene (Cambridge, MA, USA). Bone marrow (BM) aspirates were obtained from patients\' Institutional Review Board approval. Mononuclear cells were removed and malignant plasma cells (PCs) purified by microbead selection (Miltenyi Biotec, San Diego, CA, USA). Antibodies were directed against p27 (Santa Cruz Biotechnology, Dallas, TX, USA), phospho-Thr187 p27, Cks1, Skp1, Skp2, Commd1 and GFP (Abcam, Cambridge, MA, USA) and Cullin-1 and HA (Cell Signaling Technology, Danvers, MA, USA). Bands were visualized using LiCoR (Littleton, CO, USA) IRDye goat anti-mouse or donkey anti-rabbit antibodies.

Cell viability
--------------

Cells viability was determined using the XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) assay. Relative viability was calculated based on that of untreated cells. Cells were stained with annexin-V fluorescein isothiocyanate (Thermo-Fisher, Waltham, MA, USA) and analyzed on a BD-LSR-Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA) to quantitate apoptotic cells.

*In vivo* murine model of MM
----------------------------

To evaluate the effect of DT204 *in vivo*, 5-week-old female athymic NCr (nu/nu) mice were injected in the tail vein with 2 × 10^6^ MM1.S-luciferase-expressing cells according to the Institutional Review Board-approved protocols. Mice were randomized to four groups (7 or 8/group) and received intravenous injection of vehicle (phosphate-buffered saline in 10% dimethylsulfoxide); BTZ (0.5 mg/kg), DT204 (10 mg/kg) or DT204+BTZ administered on days 1, 3, 5, 7 and 9. Mice were imaged by bioluminescence imaging at days 0 and 14. Animal body weights were measured every third day from start of treatment. Treatment effect on overall survival (OS) was determined using Kaplan--Meier curves.

Mice were killed when tumors reached 2 cm^3^, became ulcerated or elicited complications that limited mobility and feeding.

Statistical analysis
--------------------

*In vitro* assays were performed in triplicate. Statistical significance of differences was determined using the Student\'s *t*- and analysis of variance tests with a minimal level of significance of *P*\<0.05. *In vivo* statistical tests were performed using the two-tailed Student\'s *t*-test. Median OS was determined using the Kaplan--Meier method with 95% confidence intervals.^[@bib43]^ Prism Version 6.0 software (GraphPad, San Diego, CA, USA) was used for statistical analyses.

Drug synergy
------------

The Compusyn software and program was used to determine the effect of drug combinations and general dose effects and is based on the median-effect principle and the Chou--Talalay Combination Index--Isobologram Theorem.^[@bib44]^ The Chou--Talalay method for drug combination is based on the median-effect equation, derived from the mass-action law principle, which provides the common link between single entity and multiple entities, and first-order and higher-order dynamics. The resulting combination index (CI) theorem of Chou--Talalay offers quantitative definition for additive effect (CI=1), synergism (CI\<1) and antagonism (CI\>1) in drug combinations.

Results
=======

Expression of SCF^Skp2^ components correlates with MM patient survival
----------------------------------------------------------------------

The goal of the present study was to identify genes within the Ub+proteasome system that were upregulated in tumor cells from MM patients that did not respond to BTZ as these genes represent potentially actionable therapeutic targets. We analyzed data sets from patients enrolled in pharmacogenomic studies performed to compare the efficacy of BTZ with other anti-myeloma agents. Prospectively collected BM-derived PCs were analyzed to identify candidates that correlated with treatment outcome. To determine whether expression of the SCF^Skp2^ components offered prognostic benefit, patients that received BTZ were stratified based upon gene expression and progression-free survival (PFS) or OS. *CUL1*, *COMMD1*, *SKP2* and *CKS1B* expression above the median value was associated with significantly decreased PFS and OS ([Figure 1a](#fig1){ref-type="fig"}). *SKP2* and *CKS1B* expression also correlated with reduced OS in patients treated with BTZ in the HOVON-65/GMMG-HD4 trial ([Figure 1b](#fig1){ref-type="fig"}). In trial 039, patients received treatment with either BTZ or dexamethasone. As *CUL1*, *SKP2*, *COMMD1* and *CKS1B* expression negatively correlated with PFS and OS, we investigated whether the expression of these genes also correlated with treatment response ([Figure 1c](#fig1){ref-type="fig"}). The results indicated that the expression of *COMMD1* and *CUL1* was negatively correlated with the response to BTZ. However, the expression of these same genes did not correlate with the response to dexamethasone ([Figure 1c](#fig1){ref-type="fig"}). A heat map generated from DNA microarray data also indicated that the expression of *CUL*, *COMMD1* and *SKP2* was significantly greater in tumor cells from BTZ-non-responders compared with BTZ-responders ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}). Genes upregulated in BTZ-responders were rank-ordered to indicate that *COMMD1*, *CUL1* and *SKP2* were among the most highly upregulated ([Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}). *COMMD1*, *CUL1* and *SKP2* expression was then compared in PCs from healthy individuals and monoclonal gammopathy of unknown significance patients with those of smoldering MM and MM patients ([Supplementary Figure 1C](#sup1){ref-type="supplementary-material"}). *COMMD1*, *CUL1* and *SKP2* expression was greater in smoldering MM and MM patients than in healthy individuals and monoclonal gammopathy of unknown significance patients.

*CUL1*, *COMMD1* or *SKP2* knockdown sensitizes cells to proteasome inhibitors
------------------------------------------------------------------------------

To demonstrate a role for *CUL1*, *COMMD1* and *SKP2* in BTZ-induced cytotoxicity, parental (drug-sensitive) MM cells were transfected with either control (scrambled) short hairpin RNA (shRNA) or shRNA directed against *CUL1*, *COMMD1* or *SKP2*. Target knockdown was confirmed by quantitative reverse transcription--PCR and western blot ([Supplementary Figures 2A and B](#sup1){ref-type="supplementary-material"}). MM cells were then treated with different PIs and the number of annexin-V-positive cells was quantitated ([Figure 2](#fig2){ref-type="fig"}). The results indicated that knockdown of *CUL1*, *COMMD1* or *SKP2* increased the number of annexin-V-positive cells after PI treatment. For example, after knockdown of *CUL1*, *COMMD1* or *SKP2*, BTZ treatment (10 n[M]{.smallcaps}) yielded 38, 40 and 42% annexin-V-positive cells compared with 17% in controls. In contrast, treatment with lenalidomide did not significantly increase the number of annexin-V-positive cells in cells after the knockdown of *CUL1*, *COMMD1* or *SKP2*. A similar effect of *CUL1*, *COMMD1* and *SKP2* knockdown on the cytotoxic effect of PIs was also observed with U266 cells ([Supplementary Figure 2C](#sup1){ref-type="supplementary-material"}).

Knockdown of *CUL1*, *COMMD1* and *SKP2* overcomes resistance to PIs
--------------------------------------------------------------------

To further investigate the role of *CUL1*, *COMMD1* and *SKP2* in the therapeutic response to PIs, RPMI and U266 cells were exposed to increased concentrations of the PIs BTZ, carfilzomib or ixazomib to generate models of PI resistance. Gene sequencing demonstrated that the proteasome catalytic gene *PSMB5* was not mutated in the RPMI8226 and U266 cells generated with drug-resistance to BTZ, carfilzomib or ixazomib ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Quantitative reverse transcription--PCR indicated that *CUL1*, *COMMD1* and *SKP2* expression levels were greater in the RPMI8226 and U266 PI-resistant cells compared with the parental cells ([Figure 3a](#fig3){ref-type="fig"} and [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Western blots indicated that the protein level of Cullin-1, Commd1 and Skp2 was increased in the PI-resistant RPMI8226 and U266 cells ([Figure 3b](#fig3){ref-type="fig"}). The PI-resistant RPMI8226 and U266 cells also exhibited increased proteasome catalytic activity, consistent with prior related studies ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). This is consistent with previous reports supporting the notion that BTZ-resistant cells contain more proteasomes and/or more proteasome activity.^[@bib45],\ [@bib46],\ [@bib47]^ Also, DNA sequencing indicated that *PSMB5*, the gene that encodes the proteasome subunit responsible for chymotrypsin-like activity, was not mutated in the RPMI8226 cells resistant to BTZ, ixazomib or carfilzomib. Sequencing also revealed that *PSMB5* was not mutated in drug-sensitive or -resistant U266 cells. PI-resistant cells were then transfected with shRNA to reduce *CUL1*, *COMMD1* or *SKP2* levels that was confirmed by quantitative reverse transcription--PCR and western blot ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). *CUL1*, *COMMD1* or *SKP2* knockdown increased the sensitivity of PI-resistant RPMI8826 ([Figure 3c](#fig3){ref-type="fig"}) and U266 ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}) cells to BTZ, carfilzomib or ixazomib.

Physical association of Cul1 and Commd1
---------------------------------------

RPMI8226 and U266 cells were transfected with control shRNA or shRNA directed against *COMMD1* or *CUL1.* Transfectants were probed by western blot to demonstrate that *COMMD1* or *CUL1* knockdown increased p27 levels ([Figure 4a](#fig4){ref-type="fig"}). Parental and PI-resistant cells were then transfected with a plasmid that expressed HA-tagged Cullin-1 and treated as indicated. Lysates were prepared, immunoprecipitated using an HA-specific antibody and probed by western blot. Results indicated that Commd1 was associated with HA-Cullin-1 in RPMI8226 and U266 cells, and that the association was increased after BTZ treatment in both parental and PI-resistant cells ([Figure 4b](#fig4){ref-type="fig"}).

Identification of a novel SCF^Skp2^ inhibitor
---------------------------------------------

SCF^Skp2^ inhibitors offer an attractive approach to pharmacologically target the Ub+proteasome system with more specificity than currently available with PIs.^[@bib42],\ [@bib48],\ [@bib49]^ On the basis of structural features of Skp2, as well as those of known Skp2 inhibitors, we performed virtual and computational screening to identify a panel of novel compounds as potential SCF^Skp2^ inhibitors. RPMI8226 cells were transfected with pBABE-MN-IRES-E-GFP-p27, a plasmid that expressed green fluorescent protein-tagged p27 to assess the effect of these compounds on p27 stability ([Supplementary Figure 4A](#sup1){ref-type="supplementary-material"}). Compounds were incubated with the transfected cells to identify those that increased green fluorescence as a read-out of p27 stability ([Figure 5a](#fig5){ref-type="fig"}). DT204 significantly increased cellular fluorescence to a level greater than that observed with known Skp2 inhibitors. Western blotting indicated that DT204 also increased p27 levels in cell lysates ([Supplementary Figures 4B and C](#sup1){ref-type="supplementary-material"}). In contrast to BTZ or carfilzomib, DT204 treatment did not increase the level of p53. DT204 co-treatment with BTZ enhanced the generation of annexin-V-positive cells compared with BTZ alone in a number of different MM cell lines ([Figure 5b](#fig5){ref-type="fig"}). The Chou--Talaly theorem and Compusyn software were used to detect potential synergy between DT204 and BTZ. The CI values for DT204 combined with BTZ at 1 n[M]{.smallcaps} were 0.7, 0.8 and 0.7 for RPMI8226, U266 and MM1.S, respectively, to indicate formal synergy when tested within the three different MM cell lines.

DT204 co-treatment with BTZ overcomes drug resistance
-----------------------------------------------------

DT204 co-treatment induced apoptosis in cells resistant to the proteasome inhibitors BTZ, carfilzomib or ixazomib ([Figure 6](#fig6){ref-type="fig"}). CI values for the combination of DT204 and BTZ to treat BTZ-R, CFZ-R an IXZ-R cells were \<1, consistent with formal synergy. We observed cross-sensitization, that is, DT204 sensitized BTZ-R cells to not only BTZ but also CFZ and IXZ.

DT204 co-treatment with BTZ reduces MM patient PC growth and colony formation in the presence of BMSCs
------------------------------------------------------------------------------------------------------

CD138^+^ PCs were isolated from MM patient BM and treated with DT204, BTZ or both ([Figure 7a](#fig7){ref-type="fig"}). DT204 co-treatment with BTZ synergistically reduced the viability of MM patient CD138^+^ PCs. Patient PCs were then cultured alone or co-cultured with BMSCs and treated with DT204, BTZ or both. The number of colonies formed by patient PCs was then measured to indicate that DT204 co-treatment with BTZ reduced the number of colonies formed after co-culture with BMSCs ([Figure 7b](#fig7){ref-type="fig"}).

DT204+BTZ triggers synergistic inhibition of MM xenograft growth *in vivo*
--------------------------------------------------------------------------

We determined the *in vivo* efficacy of DT204 in combination with BTZ using bioluminescent MM cells injected through the tail vein into murine models. Mice treated with DT204, BTZ or DT204+BTZ showed a statistically significant delay in tumor growth compared with vehicle-treated mice ([Figure 8a](#fig8){ref-type="fig"}). DT204 was well-tolerated and did not provoke overt dermatologic, musculoskeletal, neurologic or body weight changes ([Figure 8b](#fig8){ref-type="fig"}). A statistically significant prolongation in median OS was observed in the DT204+BTZ-treated group (34 days) compared with vehicle-treated group (12 days), or in the group treated with DT204 BTZ alone (24 and 26 days, [Figure 8c](#fig8){ref-type="fig"}). Western blot of tumor collected from mice following treatment with DT204 or DT204+BTZ showed a greater accumulation of p27 compared with the other treatment groups ([Figure 4d](#fig4){ref-type="fig"}). The results suggest that synergistic activity observed at the cellular level with DT204 in combination with BTZ translates to *in vivo* efficacy.

Discussion
==========

There remains an urgent and unmet need to define the molecular mechanisms of BTZ resistance in order to enhance the use of existing treatments and design more effective single-agent and combination therapies. In the current study, we used a biologically supervised approach that identified SCF^Skp2^ components as molecular classifiers expressed at greater levels in tumors from MM patients that did not respond to BTZ. Expression of *COMMD1*, *CUL1*, *SKP2* and *CKS1B* in tumors from relapsed/refractory patients was also negatively correlated with PFS and OS. The same genes were not significantly upregulated in patients that failed to respond to other anti-myeloma therapies and may therefore serve as classifiers to stratify BTZ-based therapy.^[@bib39]^ Cell-based assays demonstrated that shRNA-mediated knockdown of *COMMD1*, *CUL1* or *SKP2* enhanced the sensitivity of MM cells to BTZ and synergistically enhanced the effect of BTZ. Furthermore, SCF^Skp2^ has previously been associated with tumor progression and drug resistance,^[@bib21],\ [@bib25],\ [@bib26],\ [@bib27]^ to suggest that SCF^Skp2^ inhibitors may restore drug sensitivity to overcome BTZ resistance.

We identified a novel compound that inhibited SCF^Skp2^-mediated degradation of p27 and enhanced the anti-myeloma effect of BTZ in MM cell lines and patient samples. DT204 stabilized p27, reduced myeloma viability, synergistically enhanced the anti-myeloma effect of BTZ and prevented Skp2 incorporation into the SCF^Skp2^ complex. DT204 was not toxic to inactive or phytohemagglutinin-activated peripheral blood mononuclear cells and promoted cell cycle arrest ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Genetic knockout of *SKP2* similarly promoted cell cycle arrest and DT204 phenocopied the effect of *SKP2* deficiency on cell cycle arrest ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). DT204 also displayed p27-independent effects as observed by the effect on the viability of cells transfected with a phospho-deficient (T187A) p27 mutant ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). Finally, we observed that DT204 enhanced the effect of BTZ in a xenograft model of myeloma. The marked antitumor activity of this combination, coupled with the lack of its effect on peripheral blood mononuclear cells, suggests a favorable therapeutic index.

The present studies link individual components of the SCF^Skp2^ complex to BTZ resistance and form the genetic basis to prospectively define those patients that should benefit from BTZ therapy. The findings provide the rationale for the advancement of genomic biomarker-based evaluation of patients for whom BTZ is being considered. These studies also provide proof of concept to target SCF^Skp2^ as a strategy to overcome therapeutic resistance and provide the rationale for the development of novel drug combinations to enhance the efficacy of BTZ-based therapies in MM. In summary, we demonstrate that the SCF^Skp2^-p27 axis represents a major determinant in the ability of BTZ to induce apoptosis.
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![Correlation of the expression of SCF^Skp2^ components with survival and response to BTZ. (**a)** Kaplan--Meier PFS curves from MM patients in APEX trial (039) after BTZ treatment (*n*=163) according to gene expression profile arrays generated at Millenium Pharmaceuticals (Cambridge, MA, USA GSE9782). Probes used were *CUL1*-207614, *SKP2*-210567, *COMMD1*-226024 and *CKS1B*-201897. PFS was plotted using median values determined for each probe based on data set GSE9782 obtained from analysis of patient samples. Kaplan--Meier OS curves of patients treated with BTZ according to *CUL1*, *SKP2*, *COMMD1* and *CKS1B* expression above or below median values (GSE9782) are also shown. (**b)** Kaplan--Meier OS curves for the expression of either *SKP2* or *CKS1B* based on their expression in patients enrolled in the HOVON65/GMMG-HD4 study (GSE19784). Expression of the following probe sets was evaluated: *CKS1B* (201897); *COMMD1* (226024); *CUL1* (207614 and 238509); *RBX1* (218117); *SKP1* (200711 and 200719); and *SKP2* (210567 and 203625). Differences in expression in the response categories were assessed using Kruskal--Wallis analysis to distinguish four categories: complete response/near complete response (CR/nCR); very good partial response (VGPR); partial response (PR); and minimal response (MR) or worse. The number of patients per category for the BTZ arm was 17 (CR/nCR), 55 (VGPR), 63 (PR) and 11 (MR or worse), and for the control arm was 4 (CR/nCR), 16 (VGPR), 66 (PR) and 43 (MR or worse). Survival analysis was performed as described using PFS censored for allogeneic transplant and OS.^[@bib39]^ Survival analysis was performed with 169 cases in the BTZ arm and 158 cases in the control arm. (**c**) Expression of *COMMD1*, *CUL1*, *SKP2* and *CKS1B* in tumor cells from patients enrolled in trial 039 that had been treated with BTZ (*n*=163) or dexamethasone (DEX; *n*=70). Response to therapy was defined in trial 039 and HOVON-65/GMMG-HD4 using criteria established by the European Group for BMT: <http://www.ncbi.nlm.nih.gov/pubmed/9753033?access_num=9753033&link_type=MED&sso-checked=true&dopt=Abstract>. Responders were patients that achieved a complete remission (CR), very good partial remission (VGPR), partial remission (PR) or minor remission (MR), and non-responders were those patients that achieved progressive disease (PD), stable disease or minor remission. PD required a 25% increase in paraprotein, whereas MR, PR and CR required at least a 25%, 50% or 100% decrease, respectively. Baseline correction of the original data set was performed to identify individual genes differentially expressed in BTZ-non-responders (NRs) relative to BTZ-responders (Rs). Analysis criteria required at least a fivefold log difference in expression between the NRs and Rs and *P*-value \<0.05. *COMMD1* expression difference in BTZ-NRs vs BTZ-Rs was log (fold-change)=151 (*P*=1.3E-2) and in the DEX-NRs vs DEX-Rs was log (fold-change)=77 (*P*=4.4E-1). For *CUL1*, expression difference in BTZ-NRs vs BTZ-Rs was log (fold-change)=32 (*P*=2.8E-4) and in DEX-NRs vs DEX-Rs the change was log (fold-change)=−21 (*P*=1.1E-1). Probes used were *SKP1*-200711, 200718, 200719, 2007974; *SKP2*-203625, 203626, 210567; *CULLIN-1*-207614; *COMMD1*-226024; *RBX1*-218117; and *CKS1B*-201897.](leu2016258f1){#fig1}

![*CUL1* knockdown sensitizes BTZ-resistant cells to proteasome inhibition. Drug-sensitive or -resistant cells were transfected with control shRNA or shRNA to specifically knockdown *CUL1*, *COMMD1* or *SKP2*. Transfectants were then treated as indicated and the number of annexin-positive cells determined in triplicate.](leu2016258f2){#fig2}

![Relative expression of SCF^Skp2^ components in BTZ-sensitive or -resistant cells. (**a**) Quantitative reverse transcription (qRT--PCR) of *SKP2*, *COMMD1* and *CUL1* expression in RPMI8226 BTZ-sensitive (S) or -resistant (R) cells. Coding sequences (5′--3′) were based on the NCBI AceView BLAST system. qRT--PCR primer sequences (5′--3′) were as follows: *SKP2* forward-CAGGCCTAAGCTAAATCGAGAG, *SKP2* reverse-CTGGCAATGGTGGTGAAATG; *CUL1* forward-CAGAGGAGGCAGAACTAGAAGA, *CUL1* reverse-CGTGTTGTACTGAAGCAGGATAG; and *COMMD1* forward AGCCAGCTATATCCAGAGGT, *COMMD1* reverse CATGAGGCTCTCACGGATT. Total RNA was isolated using the RNeasy mini kit (Qiagen, Germantown, MD, USA). cDNA synthesis was performed using the SuperScript III first-Strand Synthesis System. qRT--PCR was performed using iTaq Universal Sybr Green Supermix (Bio-Rad, Hercules, CA, USA) in the CFX96 Real-Time PCR detection system (Bio-Rad). Polymerase activation and DNA denaturation was performed at 95 °C for 30 s followed by 40 cycles of denaturation at 95 °C for 5 s, annealing at 50 °C for 30 s, extension at 60 °C for 30 s and the melting curve analyzed at 65--95 °C. Calculations were performed using the 2^−ΔΔC^~t~ method, where ΔC~t~ is the C~t~ value of GADPH subtracted from the C~t~ value of the gene of interest. ΔΔC~t~ is the ΔC~t~ value of the control subtracted from the ΔC~t~ value of the gene of interest. Error bars were determined based on triplicate *SKP1* expression that was not significantly different in parental vs resistant samples. (**b**) Western blot of Cullin-1, Commd1 and Skp2 in parental and PI-resistant cells. Lysates were separated by SDS--polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes and probed using indicated antibodies. (**c**) Effect of shRNA knockdown of *CUL1*, *COMMD1* and *SKP2* on generation of annexin-V-positive cells. shRNA in the pLKO.1-TCR cloning vector were transfected into 293T packaging cells with each plasmid, packaging envelope and lipofectamine-2000. Viral supernatants were concentrated and resuspended in phosphate-buffered saline at 1 × 10^9^ infectious units per ml, and used to transduce cells then selected in puromycin. Cells were treated as indicated and annexin-positive cells then quantitated in triplicate.](leu2016258f3){#fig3}

![Commd1 and Cullin1 regulation of p27. (**a)** Western blot of p27 from lysates after transfection with scrambled, *COMMD1* or *CUL1* shRNA. Cell lysates were prepared as previously described, separated by SDS--polyacrylamide gel electrophoresis and probed with indicated antibodies.^[@bib40]^ (**b**) Association of Commd1 with HA-tagged Cullin-1. Western blot of HA immunoprecipitates from PI-sensitive or -resistant RPMI826 or U266 cells transfected with a plasmid that expressed HA-CUL-1 after PI treatment. Lysates were immunoprecipitated with IgG as controls (lanes 1 and 2).](leu2016258f4){#fig4}

![DT204 effect on SCF^Skp2^ and p27 levels. (**a**) Compounds were added at 10 or 50 μ[M]{.smallcaps} for 24 h and green fluorescence in cells transfected with the green fluorescent protein-p27-expressing vector was measured. (**b**) DT204 co-treatment with BTZ increases the amount of annexin-V-positive cells. Annexin-V-positive cells were quantitated by flow cytometry. BTZ treatment alone at indicated concentrations produced a negligible amount of annexin-V-positive cells.](leu2016258f5){#fig5}

![DT204 combined with PIs overcomes PI resistance. BTZ-, CFZ- or IXZ-resistant cells were treated with DT204 alone or combined with other agents as indicated, and the number of annexin-V-positive cells determined. Assays were performed in triplicate. Error bars represent the s.d.](leu2016258f6){#fig6}

![DT204 effect on MM patient PC viability and colony formation. (**a**) DT204 effect alone or combined with BTZ was determined using patient CD138^+^ cells. (**b**) Effect of BTZ and DT204 on colony formation from patient CD138^+^ cells cultured alone or with stromal cells. CD138^+^ cells were labeled with carboxyfluorescein succinimidyl ester, co-cultured with HS.5 cells, treated as indicated and green colonies counted.](leu2016258f7){#fig7}

![DT204+BTZ triggers synergistic inhibition of MM xenograft growth *in vivo*. (**a**) Representative bioluminescence imaging of mice from each treatment group at day 18 after treatment initiation. (**b**) Animal body weight after treatment with vehicle, DT204, BTZ or DT204+BTZ combination. (**c**) Kaplan--Meier survival curve comparison of nude mice after subcutaneous injection of myeloma cells treated with vehicle, DT204, BTZ or DT204+BTZ. (**d**) Western blot of p27 from tumor tissue of mice treated with vehicle, BTZ, DT204 or both.](leu2016258f8){#fig8}
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